To assess the impact of operative reduction of left ventricular outflow obstruction in hypertrophic cardiomyopathy, measurements of great cardiac vein flow, oxygen and lactate content, left ventricular pressures, and cardiac index were measured at rest and during pacing stress in 20 consecutive patients (13, myotomy-myectomy; six, mitral valve replacement; one, both myotomy-myectomy and mitral valve replacement) who underwent both preoperative and postoperative studies. during pacing, which correlated directly with the severity of the basal left ventricular gradient (p=0.011 and p=0.002, respectively), were also reduced by surgery. Lactate metabolism during pacing changed from net production before surgery to net consumption after operation (-17±47.6 to 4.4+±29.8 ,umol/min, p<0.01), with six of 20 patients producing lactate after surgery compared with 13 of 20 before surgery (p=0.06). The six patients with the highest peak great cardiac vein flow (> 175 mVmin) during preoperative pacing had greater symptom and metabolic benefit during pacing after surgery compared with the 14 patients with lower peak coronary flow. Postpacing left ventricular end-diastolic pressure (30± 7 to 23±7 mm Hg, p <0.001) and pulmonary artery wedge pressure (24± 6 to 20+5, p <0.001) were reduced after surgery. Thus, operative relief of left ventricular outflow obstruction and reduction in left ventricular systolic pressure favorably affects myocardial oxygen consumption and metabolism, due to more advantageous matching of myocardial oxygen delivery to oxygen demands during stress. The particularly marked benefit in those patients with the highest peak flow capacity before surgery may be due to less intrinsic abnormality in coronary flow delivery, perhaps due to less small vessel coronary disease, thereby favoring restoration of a more normal coronary flow reserve after surgery. (Circulation 1989;79:766-775 
Methods
This study was performed in conjunction with our standard hemodynamic assessment of the effects of left ventricular septal myotomy-myectomy or mitral valve replacement in patients with hypertrophic cardiomyopathy. This report includes data from 20 consecutive patients severely limited by symptoms (New York Heart Association functional classes III and IV) despite attempts at medical therapy with P-blockers and calcium channel blockers, who had large left ventricular outflow gradients (>50 mm Hg under basal conditions or during isoproterenol infusion) such that they were considered suitable for myotomy-myectomy or mitral valve replacement (depending on septal anatomy as defined below) and underwent identical preoperative and postoperative studies. There were 15 men and five women ranging in age from 28 to 62 years (average age, 44) who were admitted to the Clinical Center of the National Institutes of Health for preoperative and postoperative studies (approximately 6 months after surgery) following complete physical examination, routine blood work, chest radiograph, and electrocardiograms. All cardiac medications were discontinued for at least five drug half-lives before performance of noninvasive and invasive studies. The study protocol described below was approved by the Institute Review Board of the National Heart, Lung, and Blood Institute, and informed consent was obtained from all patients. Echocardiography Two-dimensional and M-mode echocardiograms were performed with a mechanical sector scanner (Advanced Technology Laboratories Mark 500) with a 3-MHz transducer. In all patients, the diagnosis of hypertrophic cardiomyopathy was based on echocardiographic demonstration of a nondilated, hypertrophied left ventricle without associated systemic or cardiac disorders. Assessment of the magnitude of left ventricular hypertrophy was obtained primarily from the parasternal short-axis planes; however, the parasternal long-axis and apical views were also used to integrate the observations, as previously described. 19 Myocardial hypertrophy was assessed after the left ventricle was divided into four segments (anterior and posterior ventricular septum and lateral and posterior ventricular free wall) in the parasternal short-axis plane. Previously described parameters of left ventricular hypertrophy19 were measured, including maximal septal thickness obtained from M-mode echocardiograms, maximal left ventricular wall thickness (usually the septum), magnitude of hypertrophy (mild, moderate, or severe), and left ventricular hypertrophy index (sum of all ventricular segment thicknesses) from twodimensional echocardiograms.
Radionuclide Angiography
Radionuclide angiograms were performed at rest in the supine position with red blood cells labeled in vivo with 15-20 mCi 99mTc before and after surgery proximate to the time of the catheterization study. High temporal resolution left ventricular timeactivity curves, representing relative changes in ventricular volume during the average cardiac cycle, were generated, and left ventricular ejection fraction calculated using techniques previously described. 20 Peak left ventricular filling rate was then computed as previously described by fitting a third-degree polynomial function to the systolic ejection and rapid diastolic filling portions of the time-activity curve, using a least-squares technique. 20 The time to peak filling rate was measured from end systole to the time of peak left ventricular filling rate.
Catheterization Study
After an overnight fast and diazepam 10 mg orally 1 hour before study, patients were taken to the catheterization laboratory, usually at 8:00 AM. A short 20-gauge Teflon catheter was placed in the left brachial artery. Introducers were placed in the right femoral vein and artery and right internal jugular vein for catheter access, followed by 5,000 units heparin i.v. A balloon-tipped thermodilution catheter was positioned in the pulmonary artery for measurement of pulmonary artery and pulmonary artery wedge pressure and cardiac output (average of at least three measurements). Systemic vascular resistance index was calculated as the mean systemic blood pressure divided by the cardiac output normalized for body surface area (cardiac index). A precalibrated end-hole pigtail catheter (Millar Instruments) was positioned with the distal sensor in the body of the left ventricle, and proximal sensor in the ascending aorta in 18 patients. Fluid-filled endhole pigtail catheters were used in two patients. In all cases, catheters were positioned with attention to avoiding catheter entrapment.21 Left ventricular and left brachial arterial pressures were measured simultaneously in the basal state in all patients, and during Valsalva maneuver, amyl nitrite inhalation, and isoproterenol infusion in eight patients. The left ventricular gradient was localized to the left ventricular outflow tract during pull-back of the catheter from left ventricular apex to aorta in all cases. All patients subsequently underwent left ventriculography, using an angiographic pigtail catheter. Dur At least 20 minutes after use of contrast dye, great cardiac vein flow, arterial and left ventricular end-diastolic and pulmonary artery wedge pressures were recorded, and blood samples obtained for lactate and oxygen content. Pacing via the thermodilution catheter in the great cardiac vein was then initiated at a heart rate of 100 beats/min and increased by increments of 10 beats/min at 1-2-minute intervals up to a heart rate of 150 beats/ min. This pacing sequence was possible in 17 patients preoperatively but was terminated at lower heart rates in three patients because of severe chest pain. Preoperatively, five patients received atropine 0.5-1.0 mg intravenously to permit rapid atrial pacing without atrioventricular block. Measurements of great cardiac vein flow, arterial and left ventricular pressures, and blood for lactate and oxygen were made at each heart rate interval, up to 150 beats/min (or the highest achieved heart rate in three patients during the preoperative study: 120, 130, or 140 beats/min). Pacing was terminated after approximately 3 minutes at the highest paced heart rate, with measurement of postpacing left ventricular end-diastolic and pulmonary artery wedge pressures averaged over 10 seconds in 19 patients.
Eight patients with basal gradients less than or equal to 50 mm Hg (range, 0-50 mm Hg) underwent measurement of these same parameters during isoproterenol administration (range, 2-5 ,ug/min) to a heart rate of approximately 130 beats/min. The basal left ventricular outflow gradients in the remaining 12 patients were sufficiently high to preclude administration of isoproterenol.
All patients underwent identical study approximately 6 months after surgery, with six patients requiring atropine to permit rapid atrial pacing to heart rate 150, including four patients who received atropine during the preoperative study. Figure 2 ). Surgery resulted in a significant reduction in the peak great cardiac vein flow (161±41 to 131 ± 45 ml/min, p<0.025) and myocardial oxygen consumption (19.4±6.1 to 14.3±5.5 ml 02/min, p<0.005), which was measured at a significantly higher heart rate (128±16 to 140±13 beats/min, p < 0.01) and lower left ventricular systolic pressure (Figure 3) . At the highest paced heart rate after operation (150 in all patients), the left ventricular outflow gradient (25±26 to 2±4 mm Hg, p<0.001), mean systemic blood pressure (107±16 to 97± 19 mm Hg, p < 0.025), great cardiac vein flow (140 ± 39 to 125 ± 47 ml/min,p <0.001), and myocardial oxygen consumption in the anterior left ventricle and septum (16.6 ± 5.5 to 14.0±5.8 ml 02/min,p<0.001) were significantly reduced compared to the preoperative study (Table   2 ). Myocardial oxygen extraction was marginally less during pacing after surgery compared with the preoperative study (12.0± 1.4 to 11.1± 1.3 ml 02/100 ml, p = 0.08). Lactate consumption was significantly higher during the postoperative study with net lactate consumption (4.4 ± 29.8 ,umol/min) compared with net lactate production prior to surgery (-17.1±47. 6 .mol/min,p<0.01; Figure 4 ), with six of 20 patients producing myocardial lactate during pacing after surgery compared with 13 patients producing lactate before surgery (p = 0.06). Postpacing left ventricular end-diastolic pressure (30 ± 7 to 23 ± 7 mm Hg,p < 0.001) and pulmonary artery wedge pressure (24±6 to 20±5 mm Hg, p<0.001) were also reduced postoperatively compared with preoperative measurements ( Figure 5 ).
Coronary Hemodynamics Predictive of Operative Benefit
To assess whether preoperative flow responses to pacing might predict hemodynamic, metabolic, and symptom benefit, patients were divided into a group with high peak great cardiac vein flow responses during pacing (peak flow more than 175 ml/min) and a group with lower peak great cardiac vein flow responses to pacing stress (less than 175 ml/min). As indicated in Table 3 The 20 patients had maximum septal and left ventricular free wall thickness ranging from 14 to 32 mm and maximum left ventricular index scores ranging from 44 to 100 mm. There was no correlation between echocardiographic assessment of left ventricular morphology and mass and basal or peak great cardiac vein flow and myocardial oxygen consumption or lactate during pacing in the preoperative study or change in these parameters after surgery.
Effect of Operation on Isoproterenol-Induced Hemodynamics
Eight (five patients with myotomy-myectomy, three patients with mitral valve replacement) of 20 patients received isoproterenol during the preoperative study (3.4±1.0 ,ug/min) and again after surgery (4.0±1.2 ,ug/min) to achieve a heart rate of 120-130 beats/min. The preoperative heart rate response to isoproterenol was 122±10 beats/min, with a mean blood pressure of 95 ± basal coronary flow and oxygen consumption correlated directly with the magnitude of postoperative reduction in gradient, and after surgery the patients with the highest preoperative basal gradients manifested the greatest reduction in basal left ventricular oxygen consumption and coronary flow. These salutary changes were paralleled by improved symptomatic and metabolic consequences of myocardial ischemia. Thus, patients had a higher pacing anginal threshold postoperatively and were less likely to develop pacing-induced angina: seven patients, all of whom had pacing-induced angina before surgery, were paced to the maximal heart rate of 150 beats/ min after surgery without experiencing angina. Further, surgery reduced the postpacing left ventricular end-diastolic and pulmonary arterial wedge pressures. Whether this reflects improved diastolic filling relating to alterations in loading conditions or reduced or absent ischemia-induced impairment of left ventricular filling and distensibility cannot be ascertained from this study. Results in patients who underwent myotomy-myectomy were similar to those of patients who underwent mitral valve replacement, although mitral valve recipients had lower postpacing left ventricular end-diastolic pressure compared with preoperative studies.
The largest reduction in basal great cardiac vein flow and greatest relief of ischemia occurred in the six patients with the highest peak coronary flows during preoperative pacing stress; basal great cardiac vein flow decreased 28%, lactate production during pacing converted to lactate consumption, and all six patients had at least a 10-beat improvement in pacing anginal threshold after surgery (Table  3) . In contrast, in the remaining 14 patients who had a lower peak flow response to pacing preoperatively, operation reduced basal great cardiac vein flow by only 20%, failed to improve lactate metabolism, and only inconsistently increased anginal pacing threshold, with five of the 14 patients demonstrating no change from preoperative study. Thus, patients with high peak flow responses to pacing preoperatively uniformly benefited from operation, whereas those with a limited flow response did not consistently benefit.
Because the level of myocardial oxygen demands in patients with hypertrophic cardiomyopathy correlates directly with the magnitude of the gradient, the data suggest that ischemia occurs at lower levels of myocardial oxygen demand in the patients with the low peak coronary flow responses to pacing. This in turn suggests that impaired coronary flow delivery, not just increased myocardial oxygen demands, contributes to the ischemia experienced by these patients. This is further suggested by the fact that in the 14 patients with the lowest coronary flow responses to pacing, the lack of consistent benefit could not be ascribed to differences in the preoperative basal gradient, as the magnitude of preoperative gradient, and its relief by operation, did not correlate with the patients' metabolic and symptomatic response to postoperative pacing.
Several mechanisms might contribute to the impaired flow response. Abnormal early diastolic relaxation and systolic compression of septal arteries could impair flow delivery. In the basal state, there was no difference in indexes of early diastolic filling (peak filling rate, time to peak filling rate) or incidence of septal artery compression between the group with high peak flow and the group with lower peak flow responses to pacing, although these parameters were not reassessed during pacing. The lower peak flow capacity may be due, in at least some of these patients, to other defects in flow delivery, including small vessel disease, myocardial scarring, or reduced capillary to myocyte ratios.
These observations are compatible with the concept that there is a spectrum of coronary flow abnormalities in patients with hypertrophic cardiomyopathy and obstruction to left ventricular outflow. Some patients appear to have a normal or near normal peak flow capacity (i.e., similar to the flow of presumably normal individuals after administration of the potent coronary vasodilator dipyridamole27). In general, these patients have large basal gradients and probably develop ischemia during stress because of high basal and stress-induced myocardial oxygen requirements and, thereby, high coronary flow requirements. By removal of the metabolic burden of outflow obstruction and reduction of basal and stressinduced coronary flow, coronary flow reserve is increased, thus preventing or lessening a mismatch between oxygen need and appropriate oxygen delivery during stress. The patients who have lower preoperative peak flow capacity, however, as a group have lower basal gradients. We hypothesize that some of these patients have, in addition to the mild to moderate increase in myocardial oxygen demands imposed by the left ventricular outflow tract obstruction, an intrinsic impairment in myocardial flow delivery. In these patients, peak coronary flow capacity should not change greatly after surgery, and such individuals would be expected to have a less consistent or more limited benefit from surgery.
Limitations of Study
The relative advantages and disadvantages of the thermodilution method for measuring coronary venous volume flow have been discussed by us previously.24 '25,27 Because it was anticipated that surgery might influence basal coronary flow, methodology capable of measuring absolute volume flow was necessary in this study. Techniques measuring ratios of basal to peak flow velocity responses after administration of a coronary vasodilator, such as Doppler flow velocity or digital subtraction techniques, would have made it impossible to draw conclusions regarding the mechanism of improved flow reserve after surgery. Further, we used pacing as the primary stimulus to increase flow because we believed a metabolic stress to the heart is physiologic. The flow data derived from the use of papaverine or dipyridamole to stimulate flow may not be representative of nutritive flow available to the myocardium during stress.28 In our study, the same methodology was used before and after surgery, including attention to position the catheter in an identical position within the great cardiac vein, where fewer draining veins exit compared with the coronary sinus. Thus, by using each patient as his or her own control, errors in methodology would be expected to remain constant and thus allow valid observation of the impact of operation on coronary flow.
Conclusion
Operative relief of left ventricular outflow obstruction by myotomy-myectomy or by mitral valve replacement reduces left ventricular systolic pressures and thereby decreases myocardial oxygen consumption and coronary flow in the basal state and during pacing stress. Benefit, as evidenced by conversion from lactate production to lactate consumption and improvement in pacing anginal threshold, is most evident in those patients with the highest basal outflow gradients and the highest great cardiac vein flow capacity during preoperative pacing stress. This may indicate that patients with the capacity to increase peak coronary flow to high levels preoperatively will have greater coronary flow reserve after relief of obstruction, with resulting reduction in basal and stress-induced coronary flow requirements. Conversely, the lower peak coronary flows in patients with lower gradients implies an intrinsic abnormality of coronary resistance. Whether these observations will be predictive of future symptom status, effort tolerance, or survival awaits further investigation.
